Since 1980, average wheat (Triticum aestivum L.) yields have remained nearly stagnant in the southern Great Plains (SGP) and stagnant in the state of Oklahoma. Yield stagnation can sometimes be attributed to a relatively small gap between current and potential yields, but the magnitude of the yield gap for this region has not been well quantified. The objective of this study was to determine the wheat yield and production gaps in Oklahoma at state and county levels. This involved estimation of attainable yield (Y a ) using a frontier yield function and water-limited potential yield (Y p ) using estimated transpiration and transpiration efficiency. Yield gap and production gap relative to Y a and Y p were calculated using grain yields and harvested area for 19 counties. Current average yield (Y c ) was 2.06 Mg ha -1 at the state level, well below the maximum recorded yield at the plot level of 6.59 Mg ha -1 . The Y p of current wheat varieties is far above Y c in Oklahoma, and Y c represents 74% of Y a but only 30% of Y p at state level. For growing season rainfall (GSRF) amount <250 mm wheat yields were often water-limited. However, average GSRF was 471 mm, and yield was typically limited by factors other than GSRF amount. Production exhibited greater temporal variability than yield, and production gap may be a better indicator than yield gap for regions with highest potential to increase production. Low yields and yield stagnation in Oklahoma cannot be attributed to a small remaining yield gap, nor to inadequate GSRF amount.
Hard red winter wheat is the dominant crop in the SGP (Kansas, Oklahoma, and Texas), with around 8 million hectares planted every year. In this region, wheat grain yields increased from 1955 to 1980 at an average rate of 34.9 kg ha -1 yr -1 (Fig. 1A ) (USDA-NASS, 2012 ). In the same period, the state of Oklahoma showed similar wheat yield gains (34.3 kg ha -1 yr -1 ) (Fig. 1B) . However, from 1980 to 2012, wheat yields have remained nearly stagnant for the SGP (6.6 kg ha -1 yr -1 ), and stagnant in the state of Oklahoma (-1.1 kg ha -1 yr -1 ). Wheat yield stagnation is not confined to the SGP, but has also been observed in other parts of the world. In the North China Plains, winter wheat yields have stagnated at 5 Mg ha -1 (Wu et al., 2006) , and in France, wheat yield has not increased since 1996 (Brisson et al., 2010) . Evidence also exists for wheat yield stagnation in Japan, Tunisia, and Canada (Calderini and Slafer, 1998) . Given wheat's significance as a global food grain and the rising global food demand, there is need to identify the causes of yield stagnation in several of the world's wheat-producing regions. This research is a first step toward identifying the causes of yield stagnation in Oklahoma, an important wheat producing region in the United States, where yields are low and stagnation is pronounced.
In the state of Oklahoma approximately 2 million hectares are cultivated annually with winter wheat, which represents roughly 75% of the state's total cropland. A majority of the winter wheat in this region is produced using conventional tillage under rainfed conditions (Vitale et al., 2011) . Annual rainfall ranges from <400 mm in the Panhandle region (western Oklahoma) to >1000 mm in the eastern portion of the state. Growing season rainfall, defined as the total rainfall from 1 October to 15 June, ranges from ~200 mm in the Panhandle region up to ~800 mm in eastern Oklahoma. Growing season reference evapotranspiration is high, ranging from 1050 mm in the Panhandle to 740 mm in eastern Oklahoma, and drought is a frequent concern for wheat producers in the state (Mariger and Kelsey, 2003) .
The rise of wheat yield in both the SGP and the state of Oklahoma from 1955 to 1980 may have been a consequence of improved management, such as the adoption of N-based fertilizers; and improved genetics, including semi-dwarf wheat cultivars (Bell et al., 1995; Brancourt-Hulmel et al., 2003) . The percentage of hectares receiving N-based fertilization increased from 60 to 95% from 1964 to 2009 in Oklahoma. Similarly, the average rate of N-based fertilization increased from 35 up to ~65 kg N ha -1 for the same period (USDA Economic Research Service Staff, 2013). Yield gain due to genetic improvements in wheat varieties in Oklahoma has been estimated at 18.8 kg ha -1 yr -1 from 1919 to 1997 by Khalil et al. (2002) and 11.03 kg ha -1 yr -1 from 1971 to 2008 by Battenfield et al. (2013) . However, Graybosch and Peterson (2010) found no statistically significant genetic gains in experimental wheat yields from 1984 to 2008 in the SGP. There is a clear need to understand why continued efforts to improve management and genetics have failed to increase state average yields in Oklahoma since 1980. Here we test the hypothesis that wheat yield stagnation in Oklahoma is occurring because current wheat yields (Y c ) are close to the water-limited potential yields (Y p ).
When actual yields are ~70% of water-limited potential yields, stagnation is reached and further increases in grain yield may be difficult (Cassman, 1999) . In a global analysis, current winter wheat yields in the SGP were estimated to represent only 25 to 50% of water-limited potential yields (Licker et al., 2010) . If that result is correct, yields might be expected to increase over time, nonetheless, as shown in Fig. 1A and 1B, wheat yields have not increased appreciably since the 1980s. Licker et al. (2010) noticed that the yield gaps of winter wheat in the SGP and in the eastern Canadian plains were exceptionally large relative to other crops in developed countries such as United States and Canada, but the causes of this phenomenon were not identified.
Exclusive reliance on yield gap to compare the remaining potential yield increases across regions can potentially lead to misguided conclusions when comparing areas with varying total grain production. Calculating the production gap along with the yield gap may be particularly important since some regions may show large yield gaps, but small areas cultivated with wheat, which may lead to low production gaps. Calculating the production gap may allow a more accurate estimation of the potential increase in wheat production for a given region, serving at the same time as an indicator to target research and outreach efforts. Although van Wart et al. (2013) suggested a method for yield gap estimation that accounts for 40 to 50% of the harvested area of the region being studied, we are not aware of any prior studies which have examined production gaps along with yield gaps.
The causes of winter wheat yield stagnation in Oklahoma, as well as in the rest of the southern Great Plains, remain unknown. To better elucidate the reasons for yield stagnation and to more precisely quantify the magnitude of the remaining exploitable wheat yield gap in Oklahoma, more detailed knowledge of both current yield and water-limited potential yield is needed. The objective of this study was to determine the state and county wheat yield and production gaps in Oklahoma. 
MATERIALS AND METHODS
Overview Water-limited potential yield is here defined as the maximum yield that can be obtained by an adapted variety in a specific rainfed environment if no nutritional limitations are present (Hochman et al., 2009; Lobell et al., 2009) , and attainable yield (Y a ) is defined as the maximum yield ever achieved in a specific environment (i.e., plot, county, or state) for a given GSRF (Connor, 2004; Connor et al., 2011) . Water-limited potential yield is a theoretical maximum yield, while attainable yield is based on recorded data at a specific spatial level. Current yield, defined as the average wheat yield of the last 10 yr (Anderson, 2010) , is typically below water-limited potential yield because the latter requires almost perfect understanding and management of agronomic variables (Lobell et al., 2009) . The difference between Y p and Y c or Y a and Y c is widely known as the yield gap, and is used to describe the remaining potential for yield increase of the crop under study in a specific environment. The yield gap calculated relative to either Y a or Y p has been used to detect whether management or genetic potential are limiting grain yield in a given environment (Anderson, 2010; Calvino and Sadras, 2002; French and Schultz, 1984; Neumann et al., 2010; Sadras and Angus, 2006) .
Water-limited potential yields can be estimated using crop simulation models or by the use of a linear approach based on estimated transpiration, transpiration efficiency (TE), GSRF, and grain yield data (French and Schultz, 1984) . A distinct advantage of the linear approach is the use of actual data collected from farms, which easily allows the incorporation of grain yield spatial variability into the analysis. Even though the linear approach does not account for within season rainfall distribution, which is related to seasonal yield variability (Asseng et al., 2001; van Ittersum et al., 2013) , reported wheat yields compared well with simulated yields when GSRF was below 500 mm (Angus and van Herwaarden, 2001 ). This method has been widely adopted by Australian wheat researchers, producers, and consultants to calculate water-limited potential yield and yield gap (Angus and van Herwaarden, 2001 ) due to its simplicity (Sadras and Angus, 2006) . Therefore, the linear approach was employed in this study for water-limited potential yield estimation. Attainable yields at a given spatial scale, management (i.e., crop rotations), and technology level, can be estimated using a frontier yield function (Coelli and Rao, 2005; Neumann et al., 2010) . Here we adapt this approach to describe the maximum grain yield ever achieved for a given amount of input resources, in this case GSRF.
Data Collection
State level winter wheat grain yield data from 1894 to 2012 were obtained from the National Agricultural Statistic Service (USDA-NASS, 2012). County level wheat grain yield data from 1919 to 2011 for 19 counties in Oklahoma were collected using the same source. For each county, geographic coordinates and elevation of the county seat, 10-yr GSRF, growing season mean air temperature, and cumulative thermal units (base temperature = 0°C) in the growing season, are presented in Table 1 . The 19 counties assessed in this study encompassed 1,261,961 ha or 73% of Oklahoma's winter wheat harvested area during the 2011-2012 growing season (Fig. 2) . This is important since a minimum of 40 to 50% coverage of the area of interest is needed to ensure representative results when estimating regional yield gaps (van Wart et al., 2013 monthly rainfall values from 1994 to 2011 were obtained from the Oklahoma Mesonet, a network of automated weather stations across Oklahoma (McPherson et al., 2007) . Years previous to 1994 with missing monthly rainfall values were not included in the analysis. A total of 15 counties from central-western Oklahoma, with a minimum of 40 yr of pairwise growing season rainfall amount and wheat grain yield were selected for the estimation of attainable yield at different levels of GSRF. Growing season rainfall amount was defined as the amount of precipitation from 1 October to 15 June, which corresponds to typical sowing and harvesting dates of winter wheat in Oklahoma. Two counties from the Panhandle region (western Oklahoma) and two counties from eastern Oklahoma were also selected following the same standards to extend the comparison to parts of the state with different precipitation regimes (Table 1) .
To identify the predominant agricultural soil series for each county, we found the soil series with the greatest areal extent in each county using the Web Soil Survey (USDA-NRCS, 2013b). Then, we used the official soil series description to corroborate that the main land use of the selected soil series was wheat cropland (USDA-NRCS, 2013a). If the land use of the previously selected soil series was not wheat cropland, then the second most predominant soil for that county was selected and subjected to the same scrutiny. This process continued until we found the predominant soil series in which wheat cropland was the main land use. Soils with slope >5% were not included in the analysis. Typical land capability class and soil texture corresponding to the top horizon were obtained for the selected soil profiles.
Yield and Production Gap Determination
Yield gaps were estimated using three different yield calculations in this study: (i) At the county level, current yield was estimated as the average grain yield of the most recent 10 yr of available data for each county. At the state level, current yield was calculated as the state-average grain yield of the most recent 10 yr. Only 10 yr of data were used in the calculation of current yield to avoid temporal effects of advances in technology or possible climate change, which would affect yield estimates averaged over a longer period (e.g., 30 yr), while still containing adequate data to average out much of the year-toyear variability in grain yield (van Ittersum et al., 2013) ; (ii) At the county level, attainable yield was determined for each county as the maximum grain yield ever achieved at the average GSRF of last 10 yr using a frontier yield function approach (Fig. 3) . The attainable yield for the state of Oklahoma was estimated as the maximum yield ever recorded at state level; and (iii) The water-limited potential yield was determined by the linear approach using estimated transpiration and TE (Fig.  4) (French and Schultz, 1984) .
Frontier yield functions relating grain yield to GSRF have been considered a reliable approach for estimating attainable yield across a wide range of environments (van Ittersum et al., 2013) . The frontier yield function for each county was constructed by: (i) plotting all pairwise GSRF and wheat yields of a given county; (ii) dividing the GSRF in as many ranges or bins of log-spaced width as possible without generating any bins lacking wheat grain yield values. Log-spaced bins were used to increase the selection of data at low and average GSRF, a range in which our data set is rich in information; (iii) selecting the highest grain yield from each bin, and (iv) fitting the selected yields using the following logarithmic equation:
where a, b, and c are fitting parameters, y is wheat grain yield, and x is growing season rainfall. The 10-yr average GSRF for each county was calculated using climate records and then matched with the frontier production function to obtain the attainable yield (see Y a in Fig. 3) . A logarithmic frontier yield function, such as the Cobb-Douglas equation, has been successfully used for attainable yield estimation by Neumann et al. (2010) . The equation we used in this study (i.e., Eq.
[1]) to determine the frontier yield allows for the estimation of possible yield decrease due to excessive growing season rainfall amount, something that has not been reported by prior studies using the same approach (Neumann et al., 2010) . The yield gap relative to attainable yield (YG a ) was calculated as the difference between Y a and Y c (Fig. 3) . Data was analyzed using Matlab R2013a (The Mathworks Inc., 2012). The linear approach framework is based on the assumption that when soil water storage during the fallow period preceding the wheat crop is low, the GSRF can be used as an estimate of the water used by the crop. However, not all water is used by the crop, and losses likely occur. Minimum water losses are typically estimated by the x-intercept of the linear regression of yield vs. GSRF whereas the slope provides an estimation of the transpiration efficiency (Fig. 4) . Then:
where TE is transpiration efficiency, GSRF is growing season rainfall, and L is the minimum water losses. The term (GSRF-L) represents an estimation of water-limited potential transpiration. In this study, minimum water losses for each county were estimated by the x-intercept of the frontier yield function. Transpiration efficiency was determined for central-western Oklahoma and the Panhandle region under the assumption that counties within the same region have the same TE. The reason behind grouping counties within the same region was to ensure that enough pairwise data points were used to obtain a robust TE estimation. Also, we added pairwise yield and GSRF data from wheat variety trials within each region to further improve TE estimates. The TE was determined by dividing GSRF up to 400 mm (value at which yields do not appear to be limited by water) into as many possible evenly-spaced bins without generating empty bins, and then selecting the maximum wheat yield in each bin to make the linear fit. Similar approaches have been reported using the 95th percentile instead of the maximum value (Cade and Noon, 2003; Grassini et al., 2009 ). Since our study covers 73% of Oklahoma's wheat cropland, the water-limited potential yields at county level were weighted by the last 10-yr average harvested area of each county to estimate state level water-limited potential yield. The linear approach was only used in counties with GSRF from 0 to 500 mm as suggested by previous investigators (French and Schultz, 1984; Sadras and Angus, 2006) . In counties with GSRF >500 mm, water-limited potential yield was set equal to 8.0 Mg ha -1 , which is the maximum yield value we found reported for the southern Great Plains under irrigated conditions (Musick et al., 1994) . The estimation of water-limited potential yield by the linear approach using GSRF more than 500 mm leads to unrealistic water-limited potential yields for this region. Yield gaps respective to water-limited potential yield (YG p ) were calculated by subtracting Y c from Y p for each county.
Current production for each county was estimated as the average production of the most recent 10 yr with available data (USDA-NASS, 2012). Attainable production was calculated as the product of the attainable yield and the average harvested area of the most recent 10 yr with available data. In the same way, potential production was calculated as the product between potential yield and harvested area. Wheat production gap relative to attainable production (PG a ) was calculated by subtracting current from attainable production for each county. Production gap respective to water-limited production (PG p ) was calculated by subtracting current from potential production for each county. 
RESULTS AND DISCUSSION
Site Characteristics As expected, GSRF increased from west to east, with average GSRF values ranging from 228 mm yr -1 in the Panhandle region to 835 mm yr -1 in counties located in eastern Oklahoma (Table 1) . For the 15 counties in central-western Oklahoma, the 10-yr average GSRF ranged from 369 mm in Garfield county to 595 mm in Kay county, with most of the counties in the range of 410 to 515 mm. Counties located in the Southwest region of the state, such as Tillman and Jackson, averaged higher mean growing season temperatures, resulting in >3500°C-day total cumulative thermal units. Counties in North-Central Oklahoma, such as Kay, Alfalfa, and Woods, had lower mean growing season temperatures, and therefore cumulative thermal units in the growing season rarely surpassed 3200°C-day. Although soil types vary considerably across and within counties, the predominant soil classifications of Oklahoma's agricultural land were Argiustolls and Paleustolls (Table 2 ). Surface soil texture was predominantly silt loam (11 out of 19 counties), but ranged from fine sandy loam to silty clay loam. A total of 15 counties have predominant agricultural soils with moderate to severe limitations to crop production (land capabilities classes II and III), and the most recurring limitation in this study was soil erosion (11 out of 19). Only soils with <5% slope were considered in this assessment. Soil erosion might be an even greater concern if soils with steeper slopes, which are sometimes used for crop production, were considered in the analysis.
State Level Yield and Production Gaps
State level current yield was 2.06 Mg ha -1 (Fig. 5) , a value similar to the average current yield weighed by the harvested area of the 19 counties reported in Table 3 , 2.0 Mg ha -1 . On the other hand, attainable yield at state level was 2.7 Mg ha -1 and water-limited potential yield was 6.7 Mg ha -1 (Table 3) . The difference between Y c and Y a at state level was 0.7 Mg ha -1 , and assuming the value of 6.7 Mg ha -1 as an approximation to water-limited potential yield at state level, the difference between Y c and Y p was ~4.7 Mg ha -1 with current yield representing 74% of attainable yield and 30% of water-limited potential yield (Fig. 5) . Similarly, Licker et al. (2010) estimated that current yield was 25 to 50% of water-limited potential yield for wheat in the southern Great Plains. Neumann et al. (2010) reported that current yield was 64% of attainable yield for winter wheat at global scale, indicating a larger yield gap than we observed for Oklahoma. Clearly, there is a large difference between water-limited potential and attainable yield in this region, and considering water-limited potential yield could lead to unrealistic conclusions about remaining potential for grain yield increases, at least in the short term. However, it is evident that attainable yield changes over time and the yield gap relative to attainable yield may only be valid for short periods of time when wheat varieties, management, and technology remain almost constant. For the long term, yield gap relative to water-limited potential yield may be a more reliable indicator for remaining yield increase potential for this region. Average wheat yield at state level has not changed in last 30 yr (Fig. 1B) . Similarly, wheat yields have stabilized in other regions of the world in the last 10 to 15 yr (Calderini and Slafer, 1998) . While genetic yield potential may be increasing (Battenfield et al., 2013) , these genetic gains are not reflected in state level yield trends. Lack of adoption of improved varieties does not seem to be an adequate explanation, as improved varieties were planted on 47% of Oklahoma's wheat land areas in 2013 (USDA-NASS, 2013) . With approximately 75% of Oklahoma's cropland planted to wheat each year, lack of crop rotation is likely one factor contributing to the large yield gap. Wheat yields in winter wheat-winter canola (Brassica napus L.) rotation were 10 to 22% higher than yields under continuous wheat in a recent study (Bushong et al., 2012) .
Another factor that has been widely suggested as a limitation for grain yield and a key factor in strategic management toward closing the yield gap is poor soil quality (Anderson, 2010; Cassman, 1999) . The land capability class is one indicator of soil quality for agricultural purposes. Notably, 11 out of the 19 counties considered in this study have predominant soil series with erosion limitations (land capability classes IIe and IIIe, Table 2 ). In addition, conventional tillage is the most common tillage practice in Oklahoma (Vitale et al., 2011) , and one which can lead to high erosion rates (Berg et al., 1988) . Therefore, past and present topsoil erosion in Oklahoma's cropland is likely contributing to yield stagnation by, for instance, decreasing soil fertility and available water holding capacity. Another factor that may contribute to the yield stagnation in Oklahoma is the fact that producers may not pursue water-limited potential yields but actually may seek the yield that maximizes profitability or minimizes risk. This issue is especially relevant in regions such as the SGP where climate is highly variable and uncertain (Lobell et al., 2009 ).
County Level Yield Gaps
Wheat grain yield at county level across all 19 counties in this study ranged from 0.23 to 3.57 Mg ha -1 in the period from 1919 to 2011. Rainfall during the growing season ranged from 56 to 1119 mm. Plotting pairwise GSRF and wheat yields for those counties with <500 mm GSRF allowed us to create a frontier yield function that can be compared with the linear approach proposed by French and Schultz (1984) to estimate water-limited potential yield. In the frontier yield function approach, points below the curve denotes that yield was limited by environmental factors (e.g., high air temperatures and unfavorable rainfall distribution), or management practices (e.g., inadequate fertilization, early or late sowing). The ascending part of the frontier yield function near the minimum GSRF value has a similar slope (which is equivalent to TE) as the linear approach (Fig. 6) . Previous studies have shown TE ranging from 16.7 kg ha -1 mm -1 in the southern Great Plains to 22.3 kg ha -1 mm -1 in the China Loess Plateau and southeastern Australia (Sadras and Angus, 2006; Zhang et al., 2013) . In this study TE was 22 kg ha -1 mm -1 in central-western Oklahoma and 19 kg ha -1 mm -1 in the Panhandle, values that are close to the maximum reported TE in China and southeastern Australia, and higher than the value of 16.7 kg mm -1 previously reported for the SGP (Sadras and Angus, 2006) . For the eastern region of Oklahoma a linear approach was not used to estimate water-limited potential yield since growing season rainfall is typically more than 500 mm, a range for which the linear approach has not yet been compared to actual data.
When the difference between GSRF and minimum water losses was lower than 100 to 150 mm, grain yields were water limited (Fig. 6 ). Minimum water losses in the Panhandle region were 50 mm and in central-western Oklahoma were around 125 mm, both values fall within the range found by French and Schultz (1984) for southeastern Australia of 30 to 170 mm. Also, a decreasing trend in grain yields was observed when GSRF was >700 mm. We have two hypotheses for this yield reduction at Table 3 . Current winter wheat yield (Y c ), attainable yield (Y a ), and water-limited potential yield (Y p ), yield and production gap relative to Y a (YG a and PG a ), yield and production gap relative to Y p (YG p and PG p ), as well as current production (P c ), attainable production (P a ), water-limited potential production (P p ), and harvested area (HA) for 19 counties in the state of Oklahoma. high GSRF. First, grain yield reduction at increasing GSRF may be a consequence of not having enough records in the GSRF range from 700 to 1200 mm to accurately define the frontier yield function (i.e., N > 700 = 144 out of N = 1053). Second, grain yield may be reduced at high GSRF amounts as the result of higher disease pressure, and possibly water logging, lodging, and leaching of N fertilizers. Passioura and Angus (2010) suggested that for rainfall amounts >500 mm, radiation rather than water is the main limiting factor for wheat production in southeastern Australia. However, we did not find obvious differences in total growing season radiation between years with high and low GSRF (data not shown).
The GSRF amount is typically in the range of 400 to 500 (median equal to 451 mm and average equal to 473 mm) in the central-western region of Oklahoma, a range in which wheat grain yields were shown to be not greatly limited by GSRF amount. However, rainfall distribution within the growing season (particularly short water stress periods) still remains to be addressed, especially considering that small individual rainfall events result in large losses of water by direct evaporation from the soil, canopy interception, and residue cover interception (Sadras, 2003) . Analysis of daily GSRF data from 1994 to 2011 for central-western counties in Oklahoma involving 25 weather stations and 36,932 daily precipitation values, resulted in a 75th percentile of 11.4 mm, and ~73% of daily rainfall totals were smaller than 10 mm on days with measurable rainfall. Therefore, evaporation from soil, canopy, and residue, may account for a significant amount of water loss in this region. Management practices that increase infiltration and reduce water losses from light rainfall events may result in increased grain yields (Li et al., 2001) . Also, management practices that reduce bare soil evaporation, such as residue mulching, can result in greater water use efficiency and yields in such regions (Deng et al., 2006) . Given the high proportion of small rainfall events in this part of the SGP and the implementation of successful management strategies to mitigate evaporation in other parts of the world, there is a need to determine the extent to which improved management practices could increase current yields in this region by reducing evaporative losses.
Increased yield gap relative to water-limited potential yield was observed with increased GSRF amount (Fig. 7) . A GSRF of 505 mm resulted in YG p of almost 6 Mg ha -1 in Grant County whereas GSRF amount of 184 mm resulted in YG p of 1.6 Mg ha -1 in Cimarron county. For these 15 counties in Oklahoma the slope of the linear regression of YG p vs. GSRF was 14 kg ha -1 mm -1 with minimum water losses of 97 mm during the growing season as indicated by the x-intercept of the regression. These results are in agreement with a study conducted by Anderson (2010) (Edwards et al., 2007; Raun et al., 2011) . We also examined recent wheat variety trial reports from surrounding states, selecting the highest yielding hard red winter wheat variety either under irrigated or rainfed conditions. Results in Table 4 shows a maximum yield of 7.69 Mg ha -1 in the state of New Mexico under irrigated conditions, and a regional average maximum variety trial yield of 7.14 Mg ha -1 including irrigated and rainfed conditions. These maximum yields are consistent with yields reported by Musick et al. (1994) in Bushland, TX, where irrigated wheat yielded between 6 and 8 Mg ha -1 . Evidently, genetic potential yield per se is not a limitation to grain yield in Oklahoma as current wheat varieties have much higher yield potential than average or maximum recorded yields for any county in the state. This finding agrees with results found in southeastern Australia where environment accounted for a greater proportion of grain yield variation than management practices or cultivars (Anderson, 2010; Anderson et al., 2005) .
Another issue especially important in some environments of the SGP is the use of winter wheat for both forage (i.e., dual purpose) and grain (i.e., grain-only). A 12-yr study at the plot level in Marshall, OK, showed that dual purpose wheat yields were on average 14% lower than wheat yields under grainonly management . These results were obtained when wheat yields under grain-only management were ≤5.0 Mg ha -1 , a level representative of most of the wheat cropland across the SGP. The effects of grazing in higher-yielding environments remain unknown .
County Level Production Gaps
Although the determination of the yield gap is a crucial step in determining the regional potential to increase food production, examining the production gap provides a different and complementary perspective. The production gap highlights the fact that counties with a large yield gap relative to attainable yield, may not have a large potential to increase wheat production as a result of a small area cultivated with wheat, assuming that major changes in wheat acreage are not expected or desired. For example, Leflore county in eastern Oklahoma had a relatively large yield gap, YG a of 1.0 Mg ha -1 , but an almost negligible production gap, PG a of 2 Gg (Fig. 8) . On the other hand, in Grant county YG a was around 0.55 Mg ha -1 , but resulted in a PG a of approximately 80 Gg, which is due to a relatively large area cultivated with wheat. By accounting for differences in harvested areas, the production gap may be a better indicator than yield gap for identifying regions with potential to increase grain production. Accounting for a representative area as specified in van Wart et al. (2013) is important for reliable estimations of the yield gap in a given region, but the sole use of the yield gap may not provide sufficient information about the potential production increase of that region in a larger context (i.e., nationwide, worldwide). We are not aware of any prior studies which have examined production gaps.
By examining production data, we found that wheat production in Oklahoma has greater temporal variability than grain yield. The 5-yr coefficient of variation (CV) of statewide grain production was greater than the 5-yr CV for grain yield during most of the period analyzed (Fig. 9 ). This phenomenon is caused by the yearly variation in harvested area (Singh and Byerlee, 1990) . In adverse growing seasons, harvested area declines along with a lower average grain yield, therefore production (the product of the two) declines relatively more than does yield. The fraction of all planted area which is harvested declines in adverse growing seasons, and the areas which are harvested are likely the better croplands in the region. As a result, the average grain yield at the county or state level does not decline as markedly as it would if all the area was harvested, since average yields are computed only using harvested area. For these reasons, grain yield does not vary year-to-year as much as production. Likely, the primary cause of variation in both production and grain yield in the SGP is weather. Since grain production fluctuates more than grain yield, there is a need to study the influence of weather on regional wheat production to better understand and forecast the role of the SGP region in global food security and economics (Lobell et al., 2008; Wichelns, 2001) . Table 4 . State, location cultivar, and date for the maximum recorded winter wheat yields found in variety trial networks in the southern Great Plains under irrigated (I) and rainfed (R) conditions. Fig. 8 . Comparison between yield gap relative to attainable yield (YG a ) and production gap relative to attainable yield (PG a ). 
CONCLUSION
In the SGP states of Oklahoma, Texas, and Kansas, state average hard red winter wheat yields have not surpassed the barrier of 3.0 Mg ha -1 . Despite some reports of ongoing experimental yield gains due to genetic improvements, the state average yield in Oklahoma has been stagnant for more than 30 yr. Current winter wheat varieties reached experimental yields as high as 6.59 Mg ha -1 in Oklahoma under rainfed conditions, and a maximum of 7.69 Mg ha -1 under irrigated conditions in the SGP, while current state yield is only ~2.0 Mg ha -1 . Thus, winter wheat yields at the state level are not limited by genetic potential, per se.
In Oklahoma, when growing season rainfall amount was <250 mm, grain yield was often water-limited, but in the more common range of 400 to 600 mm, yields were rarely limited by growing season rainfall amount. Additionally, in years with growing season rainfall amount >700 mm grain yields appeared to decrease with increasing rainfall. State average yield gap relative to attainable yield and water-limited potential yield was 0.7 and 4.7 Mg ha -1 , respectively. Current grain yield at the state level in Oklahoma represents 74% of attainable yield but only 30% of water-limited potential yield. Current state level production is 77% of attainable production, and 31% of water-limited production of the state. Therefore, we reject the hypothesis that wheat yields in Oklahoma are stagnant due to a narrow yield gap relative to water-limited potential yields, and we suggest that poor soil quality, reflected by the land capability class, may be an important yield limiting factor in this region. The state level production gap relative to attainable yield and water-limited potential yield was 795 and 5857 Gg, respectively. We found that the production gap may be a better indicator than yield gap to elucidate counties within the state with greater potential to increase wheat production. Four out of the top five counties with highest production gap were located in North-Central Oklahoma, where research and outreach efforts should perhaps be focused if the goal is to increase statewide wheat production.
